BACKGROUND: TMPRSS2:ERG fusions are promising prostate cancer biomarkers. Because they can occur in multiple forms in a single cancer specimen, we developed a quantitative PCR test that detects both type III and type VI TMPRSS2:ERG fusions. The assay is quantified from a standard curve determined with a plasmid-cloned type III TMPRSS2:ERG fusion target.
Prostate cancer screening with serum prostate-specific antigen (PSA) 4 and other indicators has been successful in the early detection of prostate cancer. These indicators [e.g., serum PSA Ͼ4 g/L and/or abnormal digital rectal examination (DRE)] require a prostate biopsy for definitive diagnosis. On average, about 62% of these biopsies will initially be negative, and about 8% of patients who have initially negative results will undergo repeat biopsy (1 ) . Thus, about 434 000 biopsies will be performed to detect the estimated 186 320 new cases of prostate cancer diagnosed in the US during 2008 (2 ) .
Clearly the number of initial and repeat biopsies required could be diminished if additional noninvasive biomarkers were available. For this reason, a number of biomarkers are being studied as supplements to PSA and DRE. Serum testing for early prostate cancer antigen 2 (EPCA-2) (3 ) and urine testing for DNA methylation (4 ) have been shown to be effective in detecting prostate cancer in previously diagnosed patients but have not yet been applied to the prediction of biopsy outcome in undiagnosed groups. PCA3 (prostate cancer antigen 3), 5 a well-characterized RNA expression biomarker for prostate cancer (5) (6) (7) , has been successfully applied to the prediction of biopsy outcome (8 ) in urine specimens obtained after attentive DRE. Another well-characterized expression marker comprises the various chromosome 21 fusions that can occur in prostate cancer between TMPRSS2 (transmembrane protease, serine 2) and ERG [v-ets erythroblastosis virus E26 oncogene homolog (avian)](9 ) and TMPRSS2 and ETV1 (ets variant 1) (10 ) . Fusions of this type appear to be unique to prostate cancer. Among these fusions, several of the subtypes (11 ) have been detected in multiple chromosomal copies in prostate cancer cells (12 ) . Selection for multiple copies is reminiscent of gene amplification during the evolution of drug resistance (13, 14 ) and therefore suggests that increased levels of expression of these particular gene fusions confer a strong selective advantage on prostate cancer cells.
One of the TMPRSS2:ERG variants (type III) has been successfully applied in mixed populations of patients undergoing biopsy for cancer diagnosis or previously diagnosed patients undergoing surgery for prostate cancer (15, 16 ) . Characteristic performance of TMPRSS2:ERG type III as a biomarker for prostate cancer was enhanced by inclusion of PCA3 in a multiplex quantitative PCR (QPCR) system (16 ) . However, this combined system has not yet been applied to the prediction of biopsy outcome in an undiagnosed group.
In previous work (17 ) , we noted that expressed prostatic secretion (EPS) might have some advantages over urine as a source of prostate cancer biomarkers. Since that time, PCA3 tests have been shown to yield accurate results when applied to either EPS or urine obtained after attentive DRE (7 ) . In the work we report here, we compare the performance of TaqMan QPCR assays designed to quantify prostate cancer biomarkers by reference to cloned standards. We compared biomarkers for DNA methylation, PCA3, and TMPRSS2: ERG fusions for their effectiveness in predicting biopsy outcome. Our results suggest that a single test designed to detect both the type III and type VI variants of the several TMPRSS2:ERG fusions is superior in performance to bisulfite-mediated DNA methylation testing or PCA3 testing in expressed prostatic secretion.
Patients and Methods

GENERAL PROCEDURES
Specimen collection and storage. Men who were undergoing prostate biopsy for evaluation of prostate cancer gave consent for EPS specimen collection under an institutional review board-approved, blinded, prospective study protocol. Before biopsy for prostate cancer, a digital rectal examination was performed, followed by prostatic massage and milking of the urethra to collect prostatic secretions. Each specimen was immediately placed on ice and transported to the laboratory, where it was suspended in 3 mL chilled PBS. The resuspended specimen was dispensed into 1.5-mL screw-capped microcentrifuge tubes in 3 1-mL aliquots. The aliquots were sedimented at 8000g for 5 min at 4°C. Supernatant fluid was discarded, and the tubes containing EPS sediment were stored at Ϫ80°C until use.
Nucleic acid preparation. We used 1 of the 3 stored aliquots to prepare cDNA for RT-PCR assays on each of the genes studied. DNA was prepared from the other 2 aliquots. Of the 74 specimens, only the 63 that yielded Ն300 ng total nucleic acid were used for DNA methylation analysis.
PCR data. Data are expressed as number of copies detected in 25-L reaction volume by comparison to an appropriate standard curve (18 ) . Data points were assigned zero in the methylation analyses if amplification was not observed during the 50-cycle PCR reaction .
Assay controls for the DNA methylation assays have been described (18 ) . We performed similar controls demonstrating the log-linearity of the standard curves and dynamic range of each assay for each of the RNA detection assays (see Supplemental Fig. 1 , which accompanies the online version of this article at http:// www.clinchem.org/content/vol54/issue12, for representative data on the TMPRSS2:ERG fusion assay). Standard curves were very reproducible. The average (SD) R 2 value for all data sets was 0.9979 (0.0019), and the average slope for all data sets was Ϫ3.4893 (0.1328).
Serum PSA measurement. We measured serum PSA concentrations immunometrically using the Vitros Immunodiagnostics Total PSA system (Ortho-Clinical Diagnostics).
DRE. We used current standard-of-care methods in performing DREs. Reported results were analyzed as a dichotomous variable segregating data into DRE: normal or DRE: suspicious for malignancy.
DNA methylation detection with methylation-sensitive
TaqMan QPCR. Primers and cloned standards used in the analysis are listed in (18 ) , as are details of the bisulfite treatment and the PCR conditions.
Cloning and isolation of TaqMan QPCR standards.
Overlap sequences (18 ) used in cloning standards for PSA, PCA3, and TMPRSS2:ERG TaqMan RNA detection systems are described in Fig. 1 .
REVERSE TRANSCRIPTION TAQMAN QPCR
RNA isolation and cDNA preparation. RNA was isolated using the RNAqueous Kit (Ambion) according to the manufacturer's instructions. We added total RNA to a 20-L cDNA reaction containing 1 unit Omniscript RT (Qiagen), 2 L 10ϫ RT buffer, 1 mol/L random hexamer primers, 0.5 mmol/L dNTPs, and 20 units Superase-In (Applied Biosystems). The reaction was incubated at 37°C for 1 h, then 2 L of the cDNA product was used as template for QPCRs.
QPCR conditions. Plasmids containing cloned standards appropriate to each reaction were linearized by restriction digestion and serially diluted from stock solutions as described (18 ) . Standards were run in parallel in the same rotor as the unknowns. . GAPDH forward primer, 5Ј-GAAGGTGAAGGTCGGAGT-3Ј; reverse primer, 5Ј-GAAGATGGTGATGGGATTTC-3Ј; probe, 5Ј-Cy5-CAAGCTTCCCGTTCTCAGCC-BHQ-3Ј.
STATISTICAL ANALYSIS
We used logistic regression models to examine the association of biomarker levels with the outcome of biopsy, as well as low-or high-grade tumors as measured by Gleason sum at biopsy. To evaluate the performance of single biomarkers, we simply varied the cutoff points and calculated the true-and false-positive rates in predicting positive biopsy for prostate cancer (or high-grade tumor) based on the value of biomarker. ROC curves were then plotted, and the area under the curve (AUC) was calculated using the MannWhitney U-statistic. We constructed 95% CIs to test whether the AUC was significantly different from 0.5 (the value at which a useless biomarker is defined). Mann-Whitney tests were used to evaluate P values.
To evaluate the incremental discrimination power of the biomarker over baseline serum PSA and DRE, we constructed logistic regression models with all 3 variables. The full model was then compared to the model with only serum PSA and DRE. The related ROC curve was based on the linear predictor obtained from the logistic regression model. The Wald statistic was computed to obtain a 1-tailed P value.
We also used the sum of GSTP1, APC, RARB, and RASSF1 methylated copies as a single marker to evaluate the performance of the combination of methylation markers. This value was then entered into the logistic regression model together with serum PSA and DRE. The combination of expression markers was based on the linear predictor for PCA3 and TMPRSS2:ERG RNA.
When there were 2 or more continuous markers in the logistic regression model, we used spline covariate structure for ROC analysis for reasons of flexibility.
To further check whether methylation and expression biomarkers were complementary to each other, we did a forward stepwise model selection starting with just the baseline model containing only PSA and DRE, then added individual markers to the model, evaluating the statistical significance of their regression coefficients using the Akaike information criterion.
All analyses were carried out using statistical software R 2.4.1.
Results
PATIENT POPULATION
Biomarker data were collected in a blinded fashion on 86 specimens. Based on biopsy pathology, 35 patients were diagnosed with prostate cancer, 12 with highgrade prostatic intraepithelial neoplasia (HGPIN), and 39 as normal (benign). Those patients with HGPIN were excluded from further analysis. The characteristics of the study population are given in Table 1 . (A), Targeting TMPRSS2:ERG type III and type VI fusions. Eight well-characterized fusions between TMPRSS2 and ERG are known to occur in prostate cancer (11 ) . Two of these, type III and type VI, occur in 86% and 26% of cloned representatives from prostate cancer specimens, respectively (11 ). These 2 variants differ only in the precise position of the breakpoints and can be detected with the single TaqMan system depicted. In type III fusions, exon 1 of TMPRSS2 is fused to the beginning of exon 4 of ERG (11 ) . In type VI fusions, exon 1 and exon 2 of TMPRSS2 are fused to the beginning of exon 4 of ERG (11 and APC from the standard curve generated with their respective plasmid-cloned target. We also used the sum of the copy numbers observed from all 4 genes in evaluating methylation test performance. Copy numbers for the single marker PCA3 RNA were effective in predicting biopsy outcome, as were measured values for TMPRSS2:ERG fusion RNAs. The data summarized in online Supplemental Table 1 suggest that, based on AUCs, effectiveness of the single biomarkers in predicting biopsy outcome was ordered as follows: methylation sum Յ PCA3 Ͻ TMPRSS2:ERG. However, only the TMPRSS2:ERG test was statistically significant in predicting biopsy outcome from EPS. The inclusion of the serum PSA values and DRE results for each patient improved the effectiveness of each biomarker ( Fig. 2 and Table 2 ). Each biomarker contributed significantly to the baseline model, with P Ͻ 0.05 for each model. The effectiveness of the tests was ordered as suggested by the single-marker data.
It is important to note that the smaller patient population (63 patients) used for methylation studies completely overlapped with the larger population (74 patients) used for RNA expression analyses. When AUC calculations for RNA analyses were restricted to those 63 patients, we found insignificant variations of Ͻ0.046 in AUC values computed from the ROC analyses. Thus the methylation data can be compared directly with the RNA expression data.
PERFORMANCE IN DIFFERENTIATING BETWEEN GLEASON SUM
RANGES
It was also of interest to determine whether the methylation and RNA expression markers were effective in differentiating between high-grade and low-grade tumors as measured by Gleason sum at biopsy. This analysis can be approached in 2 ways. One can confine the data set to those patients with prostate cancer; alternatively, the patients with a benign diagnosis can be included in the analysis. We performed both analyses. Including the benign patients is preferable, however, since the envisioned use for a test of this type is the prediction of dangerous cancer before biopsy. The data summarized in online Supplemental Table 2 show that only TMPRSS2:ERG was effective as a statistically significant single marker, with an AUC value of 0.773, P Ͻ 0.05. The data summarized in Fig. 3 and Table 3 , however, show that each marker in combination with standard PSA and DRE results added statistically significant value to diagnostic performance of the model over the baseline model with only PSA and DRE values incorporated. Here again, each biomarker contributed significantly to the baseline model (P Ͻ 0.05 for each model), and the order of the effectiveness of the tests was methylation sum Ϸ PCA3 Ͻ TMPRSS2: ERG based on AUC values.
SCREENING PERFORMANCE: SINGLE MARKER SCREENING
PARAMETERS
Although the characteristic performance of the biomarkers permits the objective ranking of these tests implemented in EPS specimens, the utility of each biomarker in screening is best gauged at optimal cutoff values. We explored the ability of these markers to perform in EPS screening for prostate cancer. By choosing a cutoff that yields a 90% chance that the full test (PSA plus DRE plus marker) will be negative in patients who have a negative biopsy (90% specificity), we can compute the probability that a patient has the disease if the test is positive (positive predictive value). The positive predictive values again ranked the TMPRSS2:ERG test as the most effective in predicting biopsy outcome (online Supplemental Table 3 ) or in differentiating between high and low Gleason sums (online Supplemental Table 4 ) as a single marker. However, the rankings were not statistically significant with this small sample size, P Ͼ 0.05. Alternatively, one can choose the cutoff value so that the test will be positive in 90% of the patients with a positive biopsy (90% sensitivity) and compute the probability that a patient will not have a positive biopsy when the test is negative (negative predictive value). Again, the negative predictive values ranked the TMPRSS2:ERG test as most effective in predicting biopsy outcome (online Supplemental Table 3 ) or in differentiating high and low Gleason sums (online Supplemental Table 4 ). Here again, however, the rankings were not statistically significant with this small sample size, P Ͼ 0.05.
Discussion
Although the PCR system and plasmid standard developed for the detection of TMPRSS2:ERG fusions comprises a single QPCR analysis, the test is designed to detect 2 of the known fusions: type III and type VI (Fig. 1A) . Of the various fusion types described by Wang et al. (11 ) , type III is the most common, with TMPRSS2 fusions of any type present in 40%-80% of prostate cancers (15 ) . Based on the reported cloning frequencies (11 ), the single PCR for type III and type VI used here should detect the majority of the fusions in prostate cancer specimens, since these two isoforms are found in 86% and 26%, respectively, of the prostate cancers that express a fusion. (Note that the sum of these numbers exceeds 100% because many cancers express Ͼ1 fusion type.) Moreover, as noted in the introduction, duplication of TMPRSS2:ERG fusions is associated with poor outcome (12 ) , suggesting (by analogy with gene amplification during drug resistance) that high levels of expression of the fusion are selected dur- ing tumor progression. For example, Tomlins et al. (10 ) reported that 95% of prostate cancers that overexpress ERG possess an inframe TMPRSS2:ERG fusion. Thus, given the specificity of the expression of the fusion for prostate cancer, its expression in EPS could be a marker of both prostate cancer and aggressiveness.
Studies employing PCR analysis of postmassage urines (i.e., urines obtained from patients after attentive DRE) have appeared. Tests for type III TMPRSS2: ERG fusions have been studied in postmassage urine using cohorts comprising patients with a diagnosis of prostate cancer (15 ) . In the latter study, samples were collected from 19 patients, including 11 prebiopsy patients whose diagnosis was positive and 8 patients who were previously diagnosed and tested before radical prostatectomy. The TaqMan QPCR test for type III fusions TMPRSS2:ERG was demonstrated to detect many of the cancers (42%), thus validating the marker (15 ) . A second study used semiquantitative RT-PCR to study an atypical patient population comprising 78 patients with positive prostate cancer biopsies and 30 with negative biopsies (19 ) .
Since the completion of the present study, a third report has appeared in which the TaqMan QPCR on type III fusions was studied in postmassage urines (16 ) . After excluding patients with low yields of PSA RNA, the study population contained 52 previously diagnosed men undergoing radical prostatectomy and 182 patients undergoing biopsy of whom 86 were positive on diagnosis and 96 were not. The AUC value reported for PCA3 as a single marker (0.661) in Laxman et al. (16 ) was comparable to that reported here (0.600). For the assay detecting type III TMPRSS2:ERG fusions in postmassage urine specimens (16 ) , only the sensitivity (40.6%) and specificity (72.9%) were reported. These values were lower than the corresponding 63% sensitivity and 80% specificity (data not shown) we observed for the type III plus type VI TMPRSS2:ERG assay applied to EPS. Unfortunately, it is not possible to isolate the relative effects of the 2 noninvasive specimen types (postmassage urine vs EPS) or assay types (type III assay vs the type III plus type VI assay) from the available data.
Nevertheless, the present study allowed us to rank the effectiveness of comparably implemented tests for PCA3, DNA methylation, and TMPRSS2:ERG fusion tests in a single cohort of previously undiagnosed patients with a single noninvasive specimen type. Based on AUC performance characteristics, our analyses ranked DNA methylation testing (sum of methylated copies) as roughly comparable to PCA3 testing. In terms of ease of application, however, PCA3 RNA expression is likely to be more cost effective and less time consuming than DNA methylation testing, since meth- The methylation sum is defined as the sum of all methylated copies at GSTP1, APC, RARB, and RASSFI in a given specimen taken as a single marker. f P Ͻ 0.001. ylation testing requires inspecting multiple single-copy genes for changes in methylation state to determine whether any gene has become hypermethylated. Thus, our results are consistent with those of others (4 ) in suggesting that multiple genes must be tested for methylation to obtain results comparable to those obtained with single RNA expression markers like PCA3. Moreover, all of the methods reported thus far in which TMPRSS2 fusions have been employed show clear improvement over serum PSA alone (15, 16, 19 ) , and the combined use of serum PSA, DRE, and type III and type VI TMPRSS2:ERG fusion levels reported here is exceptional in that regard.
Given the potential relationships reported between the presence of TMPRSS2:ERG fusions and aggressiveness, we asked whether the biomarkers tested here could distinguish between patients with biopsy Gleason sums Ͻ7 and those with Gleason sums Ն7 ( Table 2 ). In this application, when coupled with serum PSA and DRE, each test had value, but TMPRSS2: ERG was clearly the most effective (Fig. 3A) .
Combining these markers into panels may also be of value; however, combining serum PSA, DRE, PCA3, and TMPRSS2:ERG data did not appear to improve the diagnostic performance of the tests in EPS over that observed with serum PSA, DRE, and TMPRSS2:ERG alone. Even so, it is worth noting that the performance of the combination of biomarkers reported in this article may have optimism bias because we evaluated the markers based on the same data used to fit the model. Adjusting the bias is beyond the current scope of our analysis. However, the single-marker evaluations (online Supplemental Tables 1 and 2 ) do not have the potential for optimism bias because there is no modeling involved.
Ideally, noninvasive testing based on EPS screening could be used clinically to determine the necessity of biopsy in patients being evaluated for prostate cancer following general diagnostic screening or in patients in watchful waiting (expectant management) programs. For this purpose, positive and negative predictive values of the test at logical cutoffs are most informative. Although limited by the relatively small sample size of the present study, the data in online Supplemental Tables 3 and 4 suggest that EPS screening using TMPRSS2:ERG fusion analysis as described here may well serve as a useful adjunct to current screening modalities when combined with serum PSA and DRE values in both general diagnosis and expectant management programs.
In summary, our findings suggest that each of the 3 tests studied here (sum of methylated DNA copies in the GSTP1, APC, RARB, RASSF1 panel; PCA3 RNA expression; and TMPRSS2:ERG fusion RNA expression) has diagnostic value in determining biopsy outcome and relative Gleason Sum with noninvasively obtained EPS specimens. Of these, the simple 3-marker panel, serum PSA, DRE, and type III plus type VI TMPRSS2:ERG expression, tested as described here has significant potential in this regard.
